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ABSTRACT 

The oxidation of Co-25Cr and Co-35Cr may be characterized as follows: 

A t  high oxygen partial pressure,  the total cross-sectional area of the COO 
channels in the scale formed on Co-25Cr alloys exceeds 0. 1 percent of the total dif- 
fusional area. The rate-.controlling process is diffusion of C o  in these COO channels. 

A t  low oxygen pressure  during the oxidation of Co-25Cr, the total cross-sectional 
a r e a  of these channels decreases  below the 0 .1  percent level, and the channels a r e  
probably blocked completely. 
of C r  cations in a predominantly CoCr20q scale. 

The rate- controlling process is the solid- state diffusion 

The initial oxidation behavior m a y  be explained on the basis of the transformation 
to spinel of the Cr2O3 layer produced preferentially during the preoxidation stages and 
perhaps also during the first stages of oxidation. 
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OXIDATION BEHAVIOR O F  Co-25Cr AND 
Co-35Cr ALLOYS 

P e r  Kofstad': and A. Z .  Hed 

INTRODUCTION 

The purpose of the work reported herein was to study the high-temperature oxida- 
tion behavior of Co-25Cr and Co-35Cr and devise a comprehensive theory to explain 
that ob served behavior. 

Cobalt-chromium alloys serve a s  the basis materials for a family of cobalt-base 
superalloys for high-temperature applications. In efforts to increase the use tempera- 
ture  s of such alloys, the question of chemical stability and, particularly, oxidation 
resistance becomes of paramount importance. The development of oxidation-resistant 
alloys has to a large extent been empirical  in  nature, therefore, a detailed understand- 
ing of mechanisms of high-temperature oxidation of alloys is  lacking. 

During the second semiannual period of Research Grant NGR-36-002-070, the 
research  has covered studies on the oxidation of Co-Cr alloys containing 1. 5, 10, 25, 
and 35 percent chromium. Prel imimary results on the creep behavior of COO single 
crystals  and on the defect structure of COO and Cr-doped COO have been obtained and 
will be reported under a separate cover. 

A li terature survey pertaining to the mater ia l  involved in the present study was  
reported in the first semiannual report  on high-temperature oxidation of Co-Cr base 
alloys and w i l l  not be included. 

SUMMARY 

The present topical report  covers the results of the oxidation behavior of the 
chromium-rich Co-Cr alloys, Co-25Cr and Co-35Cr. 
alloys is  complex and does not follow a single mechanism. 
parabolic rate constants at high oxygen pressures  (po2 > 100 t o r r )  in  the temperature 
range of 900 to 1300 C a r e  about two orders  of magnitude la rger  than at low oxygen 
pressures  (po2 < 10 tor r ) .  The oxidation rate of Co-35Cr is almost independent of 
oxygen pressure over the range 0.2 to 760 t o r r  0 2  and is comparable to the low-oxygen- 
pressure  oxidation rate of Co-25Cr alloys. 

The oxidation behavior of these 
For  the Co-25Cr alloy, the 

The scale formed on Co-25Cr oxidized at high oxygen pressure  consists of two 
layers, a n  outer layer of COO and a n  inner layer of CoCr204 and small amounts of COO. 
The scale formed on Co-35Cr at all pressures  and on Co-25Cr at low pressure  is  single 
layered and consists mainly of CoCr204, with some Cr2O3. 
have not as yet been established. 

The relative distributions 

It is believed that the oxidation mechanism of Co-25Cr involves cobalt-cation 
diffusion through a COO network in the inner layer. During the initial stage of oxidation, 

'Present address: Central Institute for Industrial Research, Oslo-Blindern , Norway. 
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the effective diffusional area is constantly changing, resulting in  a nonparabolic behav- 
ior,  until this a r e a  reaches stabilization. 
parabolic law. 
gen partial  pressure,  by the growth of spinel, until complete blocking results. 
the oxidation proceeds by the diffusion of both Co and C r  through the spinel. 
p ressures  the spinel blocking is achieved, and the parabolic rate constant decreases by 
two orders  of magnitude. In this case, the oxidation ra te  is  determined by the slowest- 
moving species in the spinel, probably Cr3+, and is increased to some degree by a 
short-circuiting effect of the pores i n  the scales. 
stage of oxidation, preferential oxidation of chromium occurs; however, the extent of 
this feature has not yet been determined. 

Then oxidation proceeds according to a 
The stabilized effective diffusional a r e a  decreases with decreasing oxy- 

Then 
At low 

It i s  believed that, during the initial 

MATERIALS AND METHODS 

Alloys wi th  the nominal composition Co-25Cr and Co-35Cr w e r e  prepared i n  a 
vacuum furnace and cast  in  a tapered zirconite sand mold. 
were: top, 6.3 x 6.3 cm; bottom, 3.0 x 3 .8  cm; length, 24.5 cm. Subsequent chemical 
analysis showed that the alloy compositions were Co-24.6Cr and co-34.3Cr. 

The dimensions of the mold *, 

After sandblasting, the ingots were heat treated at 1125 C for 2 hours and then 
forged at high temperatures to the s ize  2.2 x 6.3 x 4 3 ,  1 cm. 
peratures  for these alloys appeared to  be 1150 to 1200 C for Co-25Cr and 1200 to 
1250 C for Co-35Cr. 

The optimum forging tem- 

The forged plates were then hot rolled to a 0.22-cm thickness and subsequently 
cold rolled to a thickness of about 0. 18 cm. 
blasted. 
specimens w e r e  subsequently ground on emery  paper and diamond polished. 
ing procedure removed some 50 to 100 microns of material. 
specimens varied between 0. 15 and 0.165 cm. 
washed in  water and trichloroethylene. 
revealed Cr2O3 inclusions in the alloy; these a r e  probably due to oxygen contamination 
during casting, forging, and hot rolling. 

After rolling, the sheets were again sand- 
The sheets were then cut into specimens measuring 2.5 x 1 . 9  cm; these 

The polish- 
The final thickness of the 

The specimens were then measured and 
A metallographic inspection of these specimens 

The high-temperature oxidation of Co-25Cr and Co-35Cr w a s  studied by continu- 
ously measuring the weight change of specimens exposed to  oxidizing environments at 
the different temperatures.  Specimens were  oxidized i n  air i n  a n  open furnace with a 
Crusilite heating element. The tempera- 
tu re  w a s  measured with a Pt/Pt- 10 Rh thermocouple and controlled by a n  on-off Barber- 
Coleman controller to within 3 C. The weight change w a s  continuously recorded with a n  
Ainsworth automatic recording balance. 
0 .3  mg, o r  0.03 mg/cm2. 

A Mullite tube served as a reacting chamber. 

Weight change could be determined to within 

Oxidation rates  in  controlled oxygen atmospheres were  measured with an  auto- 
matic Cahn Rh electrobalance enclosed in  a high-vacuum system, 
with a sensitivity of 100 pg,  and the weight gain was continuously recorded on an  AZAR 
Leeds and Northrup recorder ,  Temperature i n  the Mullite-tube reaction chamber w a s  
controlled and measured as described above. 
l i ter  CVC diffusion pump and an  Edwards mechanical pump, 
t o r r  were achieved, as measured on the CVC ionization and thermocouple gage. 

The balance was used 

The system w a s  pumped down with a 450- 
P r e s s u r e s  down to 10-5 
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The specimens were  connected to the balance with Pt-10 Rh wire  and placed in a 
After the furnace cold side-tube of the apparatus, and then the system was evacuated. 

was temperature equilibrated and, while still under the high vacuum ( l o q 4  to 
specimens were  lowered into the hot zone by a magnetic device. 
admitted to the system through a Granville-Phillips metering needle valve. 
minutes generally elapsed f rom the time the specimens were  loaded into the hot zone 
until the desired oxygen pressure  in the system was reached. 
tion was taken as the instant when the desired oxygen pressure  was attained. 
lower oxygen pressures  ( <  10 tor r ) ,  oxygen w a s  continuously pumped through the 
system during the oxidation. 

to r r ) ,  
Oxygen was then 

One to two 

Zero  time for the oxida- 
At the 

- 

After the specimens had been oxidized to the desired extent, they were raised out 
The system was backfilled with oxygen, and the specimens were  taken of the hot zone. 

out and quenched in a molten lead-bismuth alloy, which in turn was rapidly cooled and 
solidified. In this manner, spallation of the oxide scales was prevented. 

% 

A limited number of oxidized specimens were  chosen for further examination and 
characterization by means of metallographic techniques and X-ray diffraction. 

RESULTS O F  THERMOGRAVIMETRIC STUDIES 

The ra te  of oxidation of diamond-polished Co-25Cr and Co- 35Cr alloys was studied 
in the temperature range 900- 1300 C. 
pure oxygen in the pressure  range 0.2 to 760 tor r .  

The oxidation was car r ied  out either in air or  in 

In Figures 1 through 3, the weight gain of the Co-25Cr alloy during oxidation is 
plotted versus time in different oxygen partial  p ressures  at temperatures of 1000, 1100, 
and 1300 C, respectively. In Figures 4 to 7, the square of the weight gain during oxida- 
tion of Go-25Cr alloy is plotted versus  time in different oxygen partial p ressures  in the 
temperature range 900- 1300 C.  

The linear plots in Figures 4-7 reveal a typical behavior at high oxygen partial  
pressures .  
and a typical parabolic ra te  at la ter  stages. 
oxidation rates are observed at all stages. The initial oxidation rate  is quantitatively 
close at high pressures  to the oxidation ra te  at low pressures ;  however, the parabolic 
plots reveal the qualitative differences (negative curvature at high po2 noted especially 
on Figure 5). 

These lines can be divided into two parts,  an initial undefined oxidation rate 
A t  lower oxygen pressures ,  typical parabolic 

F r o m  the la ter  oxidation stages where well-behaved parabolic rates are found, we 
have evaluated parabolic ra te  constants, kp, which are plotted in Figure 8 as a function 
of po2 at different temperatures.  A sharp decrease in the parabolic rate constant takes 
place at an oxygen pressure  of about 50- 100 t o r r  02 .  
t o r r  0 2 ) ,  k 
Figure 8 is partially due to experimental e r r o r  and partially due to a real effect that will 
be discussed later. 
oxygen-pressure dependence of kp, but the results suggest a small increase of kp with 

At low oxygen pressures  (10- 1 
is approximately independent of oxygen pressure.  The scatter at 900 C in P 

At high oxygen pressures  it is difficult to evaluate an accurate 
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1 / 4  
2 oxygen pressure,  which is not incompatible with a relation kp 

for oxidation of pure cobalt and Co- 1OCr. ( l ,  2, 3)* 
or  p o  , a s  found 

In Figure 9 the parabolic ra te  constant a t  760 to r r  0 2  and 10 to r r  0 2  is plotted as a 
The corresponding activation energies a re ,  respectively, 41. 5 kcal/mole 1 '  

function of - T '  
and 50 kcal/mole. The increase in the activation energy a t  760 tor r  (T  < 1100) is a 
reflection of a change in the oxidation mechanism. The thermogravimetric results may 
be to some degree inaccurate, since evidence of CrO3 evaporation was found on the 
hangdown wire. This was more pronounced a t  high po2  as expected. 
to estimate this inaccuracy; however, the presence of an outer COO layer a t  high po2  on 
Go-25Cr alloy lets us assume that this evaporation occurs onry at  the initial stages of 
oxidation. 

It was not possible 

Typical parabolic plots of the weight gain during oxidation of Co-35Cr in different 
oxygen partial pressures  a t  900 and 1100 C a r e  given in Figures 10 and 11. The oxida- 
tion is very s imilar  in behavior to that of Go-25Cr in low oxygen partial pressures;  the 
oxidation is parabolic in nature; however, breaks occur after a given initial time. The 
parabolic ra te  constant, calculated beyond the breaks a s  in Figures 10 and 11, a r e  
given in Figure 12. 
slight increase in the rate  of oxidation with decreasing oxygen pressure  may be observed. 

No marked oxygen partial pressure dependence is  noted, although a 

RESULTS OF METALLOGRAPHIC STUDIES 

Metallographic studies of oxidized specimens of Go-25Cr and Co- 35Cr are difficult. 
Long oxidation t imes a r e  needed to produce an observable scale a t  low oxidation tempera- 
tures.  The scales spa11 off and must  be retained by quenching in liquid metal. Because 
the solidified quenching metal is softer than the oxide, a metallographic preparation of 
the sample tends to round the polished oxide scales, making metallographic observation 
difficult. 
to obtain observable scales. 
Co-25Cr alloy oxidized in a i r  for 236 hours a t  1000 C is given. 
c ross  sections of samples oxidized a t  1100 C in 300 tor r  0 2  for 14 hours and a t  1300 C 
in 760 t o r r  0 2  for 2 hours, respectively. 
ble, to some degree, scales formed on the Co-1OCr alloy during oxidation. ( l )  The 
scales have a duplex structure of an  outer dense layer, with large pores, and an inner 
layer. The details of the morphology of the inner layer differ slightly f rom sample to 
sample, depending on the oxidation atmosphere and the temperature. The outer layer 
consists of COO, and the inner layer contains a large amount of spinel. 

One must therefore go to high oxidizing temperatures for relatively long times 
In Figure 13, a metallographic section of a sample of 

Figures 14 and 15 show 

The scales produced in a l l  three cases  resem-  

In Figure 16 a metallographic section of a sample of Co-25Cr alloy oxidized in 10 
to r r  0 2  for 5. 5 hours a t  1300 C is shown. One can observe a duplex s t ructure  only in the 
corner,  where the oxidation proceeded more intensively than in other par ts  of the sample. 
The scale on flat surfaces is no longer double-layered, Such a behavior, namely, single- 
layer scale  on the surface of oxidized specimens, was observed whenever the oxidation 
was carr ied out a t  low oxygen partial  p ressure  (< 10 t o r r  0 2 ) .  However, good metallo- 
graphic pictures were difficult to produce. 

"References are given on page 33. 

- 
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FIGURE 10. OXIDATION OF Go-35Cr ALLOY AT 900 C I N  OXYGEN AT 
PRESSURES FROM 1 TO 300 TORR OXYGEN (PARABOLIC 
PLOTS) 
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FIGURE 11. OXIDATION OF Co-35Cr ALLOY AT 1100 C IN OXYGEN AT 
PRESSURES FROM 0.2  TO 10 TORR OXYGEN (PARABOLIC 
PLOTS) 
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FIGURE 13. METALLOGRAPHIC CROSS SECTION O F  Co-25Cr  

OXIDIZED A T  1000 C FOR 236 HOURS IN AIR 
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OXIDIZED FOR 14 HOURS A T  1100 C AND 300 TORR 
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FIGURE 15,  METALLOGRAPHIC CROSS SECTION O F  Co-25Cr  ALLOY 
OXIDIZED FOR 2 HOURS A T  1300 C AND 760 TORR OXYGEN 
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Figure 17 shows a metallographic c ross  section of a Co-35Cr alloy oxidized in 760 
t o r r  0 2  at 1300 C for 22 hours, 
corner of the same sample. 
proceeded at the corner.  
previously pure COO scale  has  reacted to f o r m  spinel, and only remnants of COO are 
observed, as shown in Figure 18. 
outer surface. 
760 tor r  02.  

Figure 18 represents a metallographic picture of the 
One can observe the greater  extent to which oxidation has 

Remnants of a duplex s t ructure  are also observed. The outer 

Figure 17 also shows discrete COO particles on the 
This feature is noted on the entire surface of the specimen oxidized at 

Figure 19 shows a c r o s s  section of a Co-35Cr alloy oxidized at 1300 C in 2 tor r  

02. 
particles a r e  observable on the surface. Figures 20 and 21 are metallographic sections 
of specimens oxidized at 1100 C at 30 t o r r  0 2  and in air, respectively, while Figures 22 
and 23 show corners  of these specimens, respectively. All the metallographic pictures 
of oxidized Go-25Cr and Co- 35Cr alloys revealed Cr2O3 inclusions in the underlying 
metal. Such inclusions a r e  found also in specimens before oxidation. However, their 
concentration near  the metal  oxide interface is larger  after oxidation and may be attrib- 
uted to internal oxidation. 

The oxidation at the corner  is not as severe  as at high oxygen pressure,  and no COO 

DISCUSSION 

The experimental evidence suggests that mainly two oxidation processes take place 
in the oxidation of Co-25Cr and Co-35Cr. 
Co-25Cr at high oxygen partial  pressure.  
ra te  for Co-25Cr at low pressures  and Go-35Cr at all pressures .  

One mechanism governs the oxidation rate of 
A second mechanism governs the oxidation 

The large decrease in the parabolic r a t e  constant with decreasing oxygen pressure  
in the oxidation of Co-25Cr is accompanied by a drastic change in the composition and 
morphology of the scale. In high oxygen partial  pressures ,  a COO scale is formed on 
the outer surface of an oxidized Co-25Cr alloy. 
transported f rom the metal  to the outer surface. 
controlled, at least in its later stages, since the oxidation at that point follows a para- 
bolic ra te  law. 
pressures  does not involve a major transport  of cobalt cations to the outer surface to 
form a COO layer,  One must  conclude that the oxidation proceeds by a growth of spinel, 
which is controlled by the slower diffusion species, namely, chromium cations through 
a spinel scale. (2) 

This shows that cobalt cations are 
The transport  is solid- state-diffusion 

The mechanism governing oxidation of Co-35Cr and Co-25Cr at low 

A detailed hypothesis for  the oxidation behavior of Co-25Cr at high po2 is presented 
here.  
following equation holds: 

Since we assume that the rate-controlling s tep is solid-state diffusion of Go, the 

where x is the thickness of the scale, k' is a parabolic ra te  constant related to the mea- P 
sured k 
which is equal to the total a rea ,  AT, minus the a r e a  AS occupied by the spinel and the 
a r e a  A c r 2 0 3  occupied by Cr2O3. 

as discussed below, and Aeff is the effective diffusion a r e a  for Co in COO - P 
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250X 

FIGURE 17.  METALLOGRAPHIC CROSS SECTION O F  Co-35Cr ALLOY 
OXIDIZED FOR 22 HOURS A T  1300 C AND 760 TORR OXYGEN 

a.  COO p a r t i c l e s ;  b. C r 2 0 3  ( i n t e r n a l  oxide) ;  c .  Mainly C o C r 2 0 q  

250X 

FIGURE 18. CORNER O F  SPECIMEN IN FIGURE 17 

a .  COO inclusion;  b. C r 2 0 3  a n d  p o r e s ;  
c. C o C r 2 0 q  scale 
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250X 

FIGURE 19. METALLOGRAPHIC CROSS SECTION O F  Co-35Cr  ALLOY 
OXIDIZED FOR 22 HOURS A T  1300 C AND 2 TORR OXYGEN 

500X 

FIGURE 20. METALLOGRAPHIC CROSS SECTION O F  Co-35Cr  ALLOY 
OXIDIZED FOR 68 HOURS A T  1100 C AND 30 TORR OXYGEN 
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250X 

FIGURE 21. METALLOGRAPHIC CROSS SECTION O F  Co-35Cr ALLOY 
OXIDIZED FOR 246 HOURS A T  1100 C IN AIR 

500X 

FIGURE 2 2 .  CORNER O F  SPECIMEN IN FIGURE 20 
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250X 

FIGURE 23. CORNER O F  SPECIMEN IN FIGURE 21 

a. COO p a r t i c l e s ;  b. Mainly C o C r 2 0 4  
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W e  will assume that the rate of reaction to produce spinel is proportional to the 
effective cross-sectional a r e a  of Cr2O3. This assumption is justified for the following 
reason: usually,  creation of spinel f r o m  the two oxides is diffusion controlled and is 
determined by the rate of interdiffusion of the two oxides Cr2O3 and COO, which in turn 
depends on the geometry of the two oxides. In our case we have a flow of Co cation in a 
given direction due to a Co vacancy gradient, and Cr203 is present as fine particles. 

The rate  of spinel formation will be proportional to the area of reaction and 
inversely proportional to the depth of interpenetration. 
particles, we disregard the depth of interpenetration in the following analysis. 
a r e  interested in the rate  at which the a r e a  of the spinel perpendicular to the Co flow 
increases, which is almost independent of the depth of penetration. 
late that the following equation holds: 

Since Cr2O3 appears as very fine 
Also, we 

We therefore postu- 

- = uCrZo3 = k(Ao - a A s )  > dt 
where 

As = spinel c r o s s  section 
A c ~ ~ ~ ~  = Cr2O3 c r o s s  section 

Ao = an  initial c r o s s  section of Cr2O3 (mainly due to preferential 
oxidation of C r  in the beginning of a run when the specimen is in a 
vacuum of 10-5 t o r r )  

a = a factor that relates the effective cross.-sectional area of the 
spinel formed to the cross-sectional a r e a  of Cr2O3 consumed 

K = the surface ra te  constant for  the formation of spinel. 

Rearranging Equation (2), we have 

A o - d s  

Integration of this equation yields 

= kdt . 

= kt + const . 

The integration constant is calculated from the following initial conditions: t = 0, 
A s  = 0, with these conditions, the solution of Equation (3) is 

A, - as = A  0 e-akt . 
Rear  ranging Equation (6 ) ,  we have 

A,( l-e-akt) 
a = A s  . 

(3) 

(4) 
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F r o m  Equation (2), we have ACr2O3 = A, - aAs and, with Equation (7), 

A s  pointed out above, the effective area for Co diffusion is given by Aeff = AT - As - 
A c r 2 o 3 )  where AT is  the total a r e a  of the specimen. 

2 3  Substituting the expressions for As and ACr given in Equations (7) and ( 8 ) ,  
we have 

- akt - akt A ( 1 - e  ) t a A  e 
0 0 

Aeff = AT - a 7 

or 

A, e-akt . Aeff = AT - - - - A. a - 1  
a a 

Substituting this value Aeff in Equation ( l ) ,  we have 

Integration of Equation (1 0) yields 

a - 1 -akt 

a k  
e 4- const" . x 2 '  = k  ( A T - T ) t i A o T  A0 

P 

( 9 )  - 

The integration constant is calculated f rom the following initial conditions: t = 0, 

a -  1 x = 0; therefore const" = - - 
2 

a k  
A0 * 

The weight gain, A W, and the thickness of the scale,  x, are related by 

(1 2 )  A W = x A T p  , 

where p is a mean density of the scale assumed constant with t ime, which is  probably 
t rue  since the ratio of the inner- and outer-layer thicknesses is constant (Table 1). 
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TABLE 1. THICKNESS O F  INNER AND OUTER LAYERS O F  SPECIMENS 
OXIDIZED IN AIR AT 1100 C FOR DIFFERENT PERIODS 

Oxidation Period, hours 
1 6.5 19  - - 

0.1 Thickness of Inner Layer,  mm 0.01 0.034 

Thickness of Outer Layer, mm 0.006 0.02 0.06 

Ratio of Layer Thicknesses, 1.67 1.7 1.67 
inner / outer 

We therefore have the relation 

+ A o T  e 
a -  a k  -.-Iy a -  1 

AT a k  

2 A 
x p  2 2  = (") =p2[k;  ( A T - $ ) t - A  0 2  - 

o r  (e)' = k p t -  B + B e  - akt , , 

2 a -  1 

a k  
where kp = k i p 2  (AT - 3 and B = A p - . We s e e  that the square of the weight 

0 2 

gain can be represented by the s u m  of a straight line, kpt - By and an  exponential func- 

tion, BeTakt. To show that our experimental results yield such a behavior, Figure 24 

was drawn in the following way: the straight portion of a plot of ( T) versus time 

was extrapolated to  "negative weight gain" (that line represents the equation 

E) = k p t  - B); the difference between the straight line values and the experimental 

- akt 
values provides a plot of the "deviations f rom parabolic behavior" (B e 
values in turn a r e  normalized (divided by B) and their logarithms are plotted in Fig- 
u r e  25 as functions of t to show the exponential behavior of the deviation from parabolic 
behavior. 
the nature of the deviation f rom parabolic behavior is  exponential. 

). The last 

In Figure 25 a family of such curves yields straight lines, which prove that 

The value of a is difficult to estimate, since it does not depend only on the bulk 
ratio of Cr2O3 and the spinel; the morphology of Cr2O3 formation is an important 
factor. 
cross-sectional a r e a  of Cr2O3 includes also the microporosity involved. 
can be enhanced at high po2 by evaporation of CrO3. 
in a smaller  a r e a  then the original porous Cr2O3; thus, a is larger  than 1. 
transition to very low rates of oxidation at low oxygen partial p ressure  may involve 
two factors. The first is a gradual change in the morphology of C r 2 0 3  so  that a - <l .  
That change may be due to a decreasing rate of outward migration of Coy and to less  

Since C r Z 0 3  is formed as finely divided particles, we assume that the total 
This porosity 

The formation of spinel results 
The 
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C r 0 3  evaporation. 
eventually, the spinel will close all channels for  C o  migration. 
possibility that aA, = A,; this will result  in the mathematical failure of Equation (3), 
and is physically the limiting case a = 1. 

That decrease in a will produce a relatively larger  s2inel area, and 
A second factor is the 

The value of A, is a function of too many unknowns to t r y  to draw many conclu- 

It 
sions f rom its behavior. However, we know that, before running a test, the specimen 
is held at temperature in a vacuum of to l o m 5  t o r r  for a short  period of time. 
is highly possible that at these pressures  preferential oxidation of C r  occurs;  the longer 
this holding time, the larger  is A, and the larger  are the possible deviations f rom 
parabolic oxidation rate.  To prove this point, a few specimens were oxidized at 1300 C, 
trying to cut down the time during which preoxidation might occur. 
tests a r e  shown in Figure 26 along with other runs; we see that, with short  holding times, 
the oxidation is almost  perfectly parabolic. 

Results of these 

F r o m  Equations (13) and (14), we see  that the measured parabolic ra te  constant 
k 
rate of Co-25Cr. 

depends on Ao, which could explain the spread sometimes observed in the oxidation P 

Metallographic evidence supporting the above mechanism is found in Figures 27- 

The outer layer (Figure 28) is very similar to the 
31. 
specimen a t  1300 C in 300 tor r  02 .  
outer layer obtained on Co-1OCr alloy under similar conditions (Figure 32) .  
interface between the outer layer and inner layer (Figure 29) ,  one can see  some COO 
grain surrounded by CoCr204. The inner layer near this interface is almost exclu- 
sively CoCr204,  with small inclusions of COO. 
that connect the outer layer and inner layer;  however, the tapering of the sample hides 
this special behavior. 
and some unreacted Cr2O3 is observed (Figures 30 and 31). 
in Figure 33. 
thin, probably noncontinuous film of Cr2O3 was formed due to preferential oxidation at 
very low pressures .  
determines the parameter A,. Its morphology determines the parameter a. During the 
initial nonparabolic stage, four processes m a y  occur simultaneously (1) oxidation of 
cobalt, (2) internal oxidation of chromium, (3) evaporation of CrO3, and (4) interaction 
of C r 2 0 3  and COO to form spinel. 
increases  the yield a rea ;  however, the total blocked a r e a  is decreased. 
is illustrated in  Figure 33b. 

is stabilized with a value Aeff = AT - - In Figure a '  
33d, the growth of scale is illustrated for the parabolic stage, in  which the rate- 
controlling process  is Co diffusion through the COO channels in  the inner layer and the 
smallest  COO a r e a  perpendicular to the diffusion path is  constant. 

These figures show different areas in the scale produced by oxidizing a Co-25Cr 

A t  the 

These inclusions a r e  actually channels 

Inside the inner layer, the s ize  of these COO channels is larger ,  
The situation is simplified 

Figure 33a shows the schematic situation before oxidation begins. A 

This film forms the first network for the spinel formation and 

The last reaction decreases the Cr2O3 a r e a  and 
The situation 

In Figure 33c, the effective cross-sectional area, Aeff, 

and the nonparabolic stage ends. 

It is c lear  that AT - - A0 must  be of the order of 10m3AT for the low oxygen 
a 

part ia l  p ressure  mechanism to take over, since the diffusion rates  of Co and C r  cations 
in  the spinel a r e  three orders  of magnitude l e s s  than that of Co in  COO. 
shows that the channels' c ross  sections provide a large enough area,  still, to compete 
with the outward spinel growth. 

Figure 28 

The oxidation mechanisms of Co-25Cr at low oxygen pressure  and of Co-35Cr at 
all pressures  involve the closing of the channels completely, so that outward migration 
of Co as COO builds on the outer surface is no longer possible. Since CoCr204 is  
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FIGURE 26. OXIDATION OF Co-25Cr ALLOYS AT 1300 C IN OXYGEN AT 
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Comparison of weight-gain curves of specimens that differ 
in their preoxidation time, 
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25X 

FIGURE 27. METALLOGRAPHIC TAPERED CROSS SECTION O F  SCALE O F  Co-25Cr 
ALLOY OXIDIZED FOR 3 HOURS AT 1300 C AND 300 TORR OXYGEN 

a. See Figure 28 (outer layer) ;  b. see Figure 29 ( inner/outer layer  
boundary circular due to  bending of scale on peeling); c. see 
Figure 30 (inner layer) ;  d. see  Figure 31 (inner layer). 

250X 

FIGURE 28. SPECIMEN IN FIGURE 27 - AREA A 
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250X 

FIGURE 29. SPECIMEN IN FIGURE 27 - AREA B 

a. COO inclusion; b. Cr.203 and pores;  
c. CoCr203 scale;  d. CoCr20q en- 
closed by COO; e. COO outer scale 

250X 

FIGURE 30. SPECIMEN IN FIGURE 27 - AREA C 

a. Co inclusion; b. Cr203 and pores;  
c .  CoCr204 body 
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FIGURE 3 1 .  SPECIMEN IN FIGURE 27 - AREA D 

a. COO channels; b. C r 2 0 3 ;  
c. C o C r 2 0 q  

FIGURE 32.  METALLOGRAPHIC T A P E R E D  CROSS SECTION O F  SCALE O F  
Co-1OCr ALLOY OXIDIZED FOR 3 - 1 / 2  HOURS A T  1200 C 
AND 100 TORR OXYGEN 

Outer COO layer 
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FIGURE 33. SCHEMATIC DISTRIBUTION OF THE DIFFERENT COMPONENTS 
IN THE SCALE O F  Co-25Cr ALLOY OXIDIZED AT HIGH 
PRESSURES 
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thermodynamically more  stable than COO, decomposition of CoCr204 to produce a 
growing outer COO layer is improbable. 
this case by the migration of C r  cations in  CoCr204, resulting i n  an  outgrowing spinel 

layer.  
Co2+ in  the spinel. 

The rate-controlling process  is determined i n  

This is because the diffusion rate  of Cr3+ in  the spinel is lower than that of 

The transition between the two mechanisms discussed he re  (Co2+ diffusion in COO 
channels at high pressure ,  and Cr3+ diffusion in CoCrzO4 bulk at low pressure  for the 
oxidation of Co-35Cr involves a change in the morphology of the spinel formation, which 
mathematically is represented by the parameters  a and, to a much smaller degree, A,. 
If the parameter  a becomes smaller  than 1, the preexponent in Equation (14) becomes 
negative, the initial parabolic oxidation curves must  have a positive curvature, and 
parabolic par ts  of the weight gain have the form 

= k t t B .  
P (parabolic) 

The total weight gain has the form 

- akt = k  t + B - B e  
9 

2 1 - a  

a k  
where B is p - A .  2 0 

The term k will now be the parabolic ra te  constant for the mechanisms of 
spinel outgrowth.' To show the validity of this mechanism, an analysis of the oxidation- 
ra te  curve at low p res su re  was performed. 
34 and the normalized exponential par t s  a r e  given in Figure 35. 
character  of the deviation f rom parabolic behavior is well shown. 

A representative curve is given in Figure 
The exponential 

Comment on the Oxidation of Co-35Cr Alloy 

It appears that the oxidation of Co-35Cr as a general tendency increased with de- 
creasing oxygen pressure.  
curves than fo r  k 
nism involving formation of spinel CoCr204 only. 

This is perhaps even more  marked for  the weight-gain 
This is, of course,  difficult to explain on the basis of the mecha- P' 

It is suggested that matters are more  complicated and, specifically, that we 
probably have to take into account preferential  oxidation of C r  to fo rm C r 2 0 3 .  This 
will become increasingly important with lower oxygen pressure  and, as we decrease 
the oxygen pressure ,  the scale  will consist  of an increasingly la rger  fraction of 
Cr2O3. 
qualitatively obtain the observed oxygen-pressure dependence. 

If this is the case  (experimental confirmation is needed), it will represent  a very 

As diffusion of Cr3+ is appreciably higher in CrzOg than in CoCr204,  we will 

interesting phenomenon and provide an interesting model. TO our knowledge, this has 
not been previously described in the l i terature ,  perhaps because increasing ra tes  of 
reaction with decreasing pressures  a r e  highly unusual. 
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